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he homeobox genes Xlim-1 and goosecoid (gsc) are coexpressed in the Spemann organizer and later in the prechordal plate
hat acts as head organizer. Based on our previous finding that gsc is a possible target gene for Xlim-1, we studied the
egulation of gsc transcription by Xlim-1 and other regulatory genes expressed at gastrula stages, by using gsc–luciferase
eporter constructs injected into animal explants. A 492-bp upstream region of the gsc promoter responds to Xlim-1/3m, an
ctivated form of Xlim-1, and to a combination of wild-type Xlim-1 and Ldb1, a LIM domain binding protein, supporting
he view that gsc is a direct target of Xlim-1. Footprint and electrophoretic mobility shift assays with GST–homeodomain
usion proteins and embryo extracts overexpressing FLAG-tagged full-length proteins showed that the Xlim-1 homeodo-
ain or Xlim-1/Ldb1 complex recognize several TAATXY core elements in the 492-bp upstream region, where XY is TA,
G, CA, or GG. Some of these elements are also bound by the ventral factor PV.1, whereas a TAATCT element did not bind
lim-1 or PV.1 but did bind the anterior factors Otx2 and Gsc. These proteins modulate the activity of the gsc reporter in
nimal caps: Otx2 activates the reporter synergistically with Xlim-1 plus Ldb1, whereas Gsc and PV.1 strongly repress
eporter activity. We show further, using animal cap assays, that the endogenous gsc gene was synergistically activated by
lim-1, Ldb1, and Otx2 and that the endogenous otx2 gene was activated by Xlim-1/3m, and this activation was suppressed
y the posterior factor Xbra. Based on these data, we propose a model for gene interactions in the specification of
orsoventral and anteroposterior differences in the mesoderm during gastrulation. © 2000 Academic Press
Key Words: Xenopus; head organizer; homeobox gene; goosecoid promoter; Xlim-1; Ldb1; Otx2; Gsc; PV.1; Xvent-1;
Xbra; LIM domain.1 These authors made equal contributions.
2 Present address: Ciphergen Biosystems, Inc., Palo Alto, CA.
3 Present address: Laboratory of Biochemical Physiology, Na-
tional Cancer Institute–Frederick Cancer Research and Develop-
ment Center, Frederick, MD.
4 Present address: Kobe City General Hospital, Kobe, Japan.
5 Present address: Department of Microbiology and Molecular
enetics, University of California at Irvine, Irvine, CA.
6 Present address: Department of Cell Biology and Molecular and
uman Genetics, Baylor College of Medicine, Houston, TX.
7 To whom correspondence should be addressed. Fax: (81) 3-5841-
434. E-mail: m_taira@biol.s.u-tokyo.ac.jp.470INTRODUCTION
The dorsal mesoderm, named the Spemann organizer in
amphibians, and its equivalent regions in other vertebrates,
plays an important role in multiple early inductive events
in development such as axis determination, mesoderm
patterning, and neural induction (Harland and Gerhart,
1997; Spemann and Mangold, 1924). The organizer can be
subdivided into the head and trunk organizer at late gas-
trula stages as judged by the ability to induce head or trunk
structures in transplantation experiments (Mangold, 1933);0012-1606/00 $35.00
Copyright © 2000 by Academic Press
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471Activation of gsc Promoter by Xlim-1the head and trunk organizer regions are thought to corre-
spond to the prospective prechordal plate and the noto-
chord, respectively. However, recently, it has been proposed
that the head organizer also includes anterior endoderm
(Bouwmeester and Leyns, 1997; Thomas and Beddington,
1996).
Genes encoding several transcription factors, many of
them homeobox genes, have been shown to be specifically
expressed in dorsal, ventral, or broader regions of the
gastrula mesoderm (Lemaire and Kodjabachian, 1996).
Among them, three homeobox genes, Xlim-1, goosecoid
(gsc), and otx2, are coexpressed in the dorsal mesoderm at
he early gastrula stage and later in the prechordal plate
Blitz and Cho, 1995; Cho et al., 1991; Pannese et al., 1995;
Steinbeisser and De Robertis, 1993; Taira et al., 1992,
1994a). On the basis of mRNA injection experiments in
Xenopus embryos these transcription factors have been
implicated in organizer functions (Andreazzoli et al., 1997;
Blitz and Cho, 1995; Cho et al., 1991; Pannese et al., 1995;
Taira et al., 1994b). gsc, the first gene shown to elicit
organizer activity when overexpressed ventrally (Cho et al.,
1991), does not show any detectable morphogenetic activity
in animal cap explants which consist of pluripotent ecto-
derm cells (Steinbeisser and De Robertis, 1993; Taira et al.,
1994b). In contrast, the LIM domain mutant of Xlim-1,
named Xlim-1/3m, behaves as an activated form of Xlim-1
by initiating neural differentiation in animal caps and
promoting the formation of a partial secondary axis in
whole embryos when expressed ventrally (Taira et al.,
1994b). Otx2 has strong cement gland-forming activity but
weak neuralizing activity in animal caps. Ectopic expres-
sion of Otx2 in the ventral equatorial region leads to
cement gland formation (Blitz and Cho, 1995) and partial
axis formation (Pannese et al., 1995), and Otx2 overexpres-
sion is able to convert tail organizer into head organizer
(Andreazzoli et al., 1997). Thus, these three organizer-
specific homeobox genes appear to have distinct roles in
gastrula development. Mice deleted for Lim1 or Otx2 show
a very similar headless phenotype, emphasizing the role of
these genes in head formation (Acampora et al., 1995; Ang
et al., 1996; Matsuo et al., 1995; Shawlot and Behringer,
1995).
An understanding of the function of Xlim-1 and other
transcription factors in the organizer requires identification
of their target genes and elucidation of functional interac-
tions among them. We have shown that expression of
activated Xlim-1 (3m) or the combination of wild-type
Xlim-1 and the LIM domain binding protein Ldb1 in animal
caps stimulates gsc and chordin gene expression, implicat-
ing them as candidate Xlim-1 target genes (Agulnick et al.,
1996; Taira et al., 1994b, 1997). Because gsc and Xlim-1
expression starts almost simultaneously in the late blastula
embryo, we believe that Xlim-1 function is required for the
maintenance of gsc expression in the prechordal plate
rather than for initiation of its activation in the blastula.
Many studies have shown that initiation and maintenanceCopyright © 2000 by Academic Press. All rightof gene expression are often separate regulatory events
during development (see Kennison, 1995).
In this paper, we examined the regulation of the gsc
promoter, using luciferase reporters in animal caps. We
found that Xlim-1 in combination with its cofactor Ldb1
can activate the gsc promoter; this activation can be modu-
lated by the homeodomain proteins Otx2 and Gsc as well as
PV.1, a ventral factor closely related to Xvent-1 (Ault et al.,
1996; Gawantka et al., 1995). In vitro binding assays
showed that Xlim-1, Otx2, Gsc, and PV.1 interact with
TAAT core sequences in the gsc promoter with different
specificities. We also found that Xlim-1/3m initiates otx2
expression in animal caps and that this Otx2 expression is
suppressed by coexpression with Xbra, a posteriorizing
transcription factor (Taira et al., 1997). Based on these data,
we propose a model that various combinations of these
transcription factors delineate a boundary of gsc expression
to specify head organizer functions in the prechordal plate.
MATERIALS AND METHODS
Embryo Manipulation and Microinjections
Xenopus embryos were obtained by artificial fertilization. Em-
bryos were dejellied, incubated in 0.13 MMR or 0.13 MBS (Peng,
991), and staged according to Nieuwkoop and Faber (1967). For
nimal cap assays, DNA/RNA or RNA solution was microinjected
nto both blastomeres in the animal region at the two-cell stage in
% Ficoll in 13 MMR or 13 MBS and transferred into 0.13 MMR
r 0.13 MBS at stage 6–7, and animal caps were dissected at the
lastula stage (stage 8–9) in 13 MMR or 13 MBS. For dorsal and
ventral injection assays, DNA solution was microinjected into
both blastomeres in the dorsal or ventral equatorial region at the
four-cell stage. Reporter plasmid was injected at 25–50 pg in 5 nl
per blastomere, and the nature and amounts of synthetic mRNAs
are described in the figure legends.
Reporter Constructs
Of the gsc–luciferase (gsc/Luc) reporter plasmids, 21500gsc/
Luc, 2727gsc/Luc, 2492gsc/Luc, 2226gsc/Luc, and 2104gsc/
uc were described previously (Watabe et al., 1995). 2413gsc/
uc was made from 2492gsc/Luc by the stepwise deletion
ethod (Yanisch-Perron et al., 1985). To construct UR256/
104gsc/Luc, the region from 2481 to 2226 was amplified by
olymerase chain reaction (PCR) (Saiki et al., 1988); the PCR
ragment was sequenced and ligated to 2104gsc/Luc using the
amHI site in the construct. Mutated constructs 2492UEabc
nd 2492DEabc gsc/Luc were made using PCR and two mutated
ligonucleotides (mutated nucleotides are underlined): UEmF1,
9-TCGATGCCGTAGTTATTCT-39; UEmR1, 59-TAACTACGGC-
ATCGAAGCTG-39; DEmF1, 59-TCAGAGGACAATGGCAGTCA-
GCAGCTGACCGGTGAGCAATTA-39; and DEmR2, 59-CTAAT-
TGCTCACCGGTCAGCTGCTGACTGCCATTGTCCTCTGA-39.
All gsc/Luc reporter plasmids were purified by CsCl ultracen-
trifugation, Sepharose CL-4B spun-column (Pharmacia) chromatog-
raphy, and Ultrafree C3 HV (Millipore) filtration and dissolved in
injection buffer (88 mM NaCl, 10 mM Hepes, pH 6.8).s of reproduction in any form reserved.
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472 Mochizuki et al.Preparation of Synthetic mRNA
pSP64Xbm-Xlim1, pSP64Xbm-3m (Taira et al., 1994b), pSP64RI-
Xldb1 (Agulnick et al., 1996), pSP64-Xbm (Krieg and Melton, 1984),
and pSP64T-Xbra (Cunliffe and Smith, 1992) were linearized with
SalI; pSP35T-gsc (Niehrs et al., 1994) and pGEMXbm-Xotx2 (An-
dreazzoli et al., 1997) with EcoRI; and pSP64RI-PV.1 (Ault et al., 1996)
with BamHI. mRNAs were synthesized with the MEGAscript tran-
scription kit (Ambion) in the presence of a cap analog (Boehringer
Mannheim or New England Biolabs) as described (Taira et al., 1994b).
Luciferase Assay
Animal caps or whole embryos were cultured until sibling
embryos reached stage 11 and collected as four (Fig. 1B) or five
(others) pools of three animal caps or embryos. Each pool was
assayed independently using the Luciferase assay system (Promega)
according to the manufacturer’s protocol at half-scale. Luciferase
activities of uninjected embryo extract were subtracted as back-
ground. Relative luciferase activity was determined as a ratio
against the highest mean value in each experiment. Means and
standard errors (SE) of four or five independent values are shown.
Initially we used a CMV-CAT construct as an internal control;
however, we found that CMV promoter activity was affected by
some transcription factors such as Otx2 (data not shown). There-
fore we omitted an internal standard and instead dissected animal
caps with as similar size as possible, leading to reasonably small
SEs (Figs. 1, 5, and 6).
DNase I Protection Assay
To prepare DNA probes, 2492gsc/Luc was digested with BamHI
or HindIII, 32P-end labeled using the Klenow fragment of DNA
polymerase I, and digested with HindIII or BamHI, respectively.
DNase I footprinting was performed using the core footprinting
system (Promega).
Electrophoretic Mobility Shift Assay (EMSA)
EMSA with GST fusion proteins was conducted essentially as
described (Winning et al., 1991) with poly(dI-dC) at 5 mg/ml, for 40
min at room temperature. In the case of competition experiments,
reaction mixtures were incubated for 30 min at room temperature
followed by adding competitor oligonucleotides and incubating for
an additional 20 min at room temperature. EMSA with Xenopus
embryo extracts was performed as described (Chen et al., 1996;
Huang et al., 1995) with some modifications. Briefly, mRNAs (500
pg in total) were injected into both blastomeres in the animal
region at the two-cell stage, and 20 injected embryos were pooled at
stage 11 to make embryo extracts. Phosphatase inhibitors (sodium
vanadate and b-glycerol phosphate) were excluded from homoge-
nizing buffer. To prepare embryo extracts expressing FLAG-Xlim1,
ZnCl2 was added at 1 mM to the homogenizing buffer, and EDTA
nd EGTA were excluded to maintain the integrity of Zn-binding
IM domains. In binding assays, MgCl2 was used at 20 mM.
DNA–protein complexes were analyzed by electrophoresis on a 5%
native polyacrylamide gel.
Preparation of GST-Fusion Proteins
DNA fragments corresponding to Xlim-1 (amino acid residues
178–265), Xotx2 (38–135), and PV.1 (123–222) were obtained by
PCR, cloned into pGEM-T (TA cloning vector; Promega), se-Copyright © 2000 by Academic Press. All rightquenced, and recloned into BamHI and EcoRI sites of pGEX-2T in
frame with GST (Smith and Johnson, 1988). BL21(DE) cells (No-
vagene) were transformed and used for the expression of all fusion
proteins. GST/Gsc (139–209) was described as pGST-gsc200
(Artinger et al., 1997). Expression was induced by 1 mM IPTG at
30°C for 4 h. Cells were sonicated in PBS containing 1% Triton
X-100 (Xlim-1, Gsc) or 1% hexadecyltrimethylammonium bro-
mide, Triton X-100, 1% Tween 20 solution (Otx2, PV.1), and
GST-fusion proteins were purified on glutathione agarose (Sigma).
Purity of proteins was verified by SDS–PAGE (see Fig. 2B).
Plasmid Constructs for FLAG-Tagged Proteins
To prepare N-terminal FLAG-tagged proteins, pCS2FLAG vector
(constructed by Ichiro Hiratani and M.T., unpublished) was created
by inserting annealed oligos encoding FLAG epitope into NcoI- and
coRI-digested pCS2AdN. pCS2AdN is a derivative of pCS21
Rupp et al., 1994), in which a unique ApaI site was destroyed by
paI digestion followed by Klenow reaction and a NcoI site was
ntroduced upstream of the BamHI site (constructed by Tazu Aoki,
iroki Hikasa, and M.T., unpublished). The oligos for FLAG are as
ollows (the initiation codon and NcoI sites are underlined): forward,
9-CATGTCTGACTACAAGGACGATGACGACAAGTCCATGG-
GAGG-39, and reverse, 59-AATTCCTCCCATGGACTTGT-
CGTCATCGTCCTTGTAGTCAGA-39.
pCS2FLAG-Xlim1 was created by inserting a NcoI/EcoRI frag-
ment containing the Xlim-1 coding region from pSP64Xbm-Xlim1
Taira et al., 1994b) into NcoI/EcoRI-digested pCS2FLAG.
CS2FLAG-otx2 and -gsc were generated by inserting a NcoI/XhoI
ragment containing the otx2 coding region from pACT2-Otx2
T.M. and M.T., unpublished) and a NcoI/SalI fragment containing
he gsc coding region from pSP35T-gsc (Niehrs et al., 1994),
espectively, into NcoI/XhoI-digested pCS2FLAG. To construct
CS2FLAG-PV.1, the PV.1 coding region with NcoI and XbaI sites
as amplified by PCR with PV.1 plasmid (Ault et al., 1996) and the
ollowing oligo primers (NcoI and XbaI sites are underlined):
orward, 59-CCACCATGGTTCAACAGGGAT-39, and reverse, 59-
GCTCTAGATCAACCATCATTTTTA-39. After digestion with
NcoI and XbaI, the PV.1 coding region was inserted into NcoI/XbaI-
igested pCS2FLAG.
pCS2HA-Ldb1 was created as follows. pCS2HA vector was con-
tructed in the same way as pCS2FLAG using pCS2AdN and oligos for
A tag as follows: forward, 59-CATGTCTTACCCATACGATGTT-
CCAGATTACGCTTCCATGGGAGG-39, and reverse. 59-AATT-
CCTCCCATGGAAGCGTAATCTGGAACATCGTATGGGT-
AAGA-39. pSP64RI-Xldb1 was digested with EcoRI and BglII (BglII site
was blunted by Klenow fragment before EcoRI digestion) to isolate the
Ldb1 coding region. This fragment was inserted into the EcoRI and
blunted XhoI fragment of pCS2HA.
All constructs were verified by sequencing. To prepare template
DNAs for in vitro synthesis of mRNAs, pCS2FLAG-Xlim1, -otx2,
gsc, -PV.1, and pCS2HA-Ldb1 were linearized with NotI.
Western Blots
Embryo extracts were electrophoresed on SDS–polyacrylamide
gel (12.5%) and blotted onto Immobilon (Millipore). Blots were
incubated with anti-FLAG M2 antibody (Sigma) in TBST (50 mM
Tris–HCl (pH 8.0), 150 mM NaCl, 0.05% Tween 20) plus 10%
nonfat dry milk at room temperature for 1 h, washed with TBST
four times, and incubated with alkaline phosphatase-conjugated
anti-mouse Ig antibodies (Promega) for 1 h, followed by washing.
Bands were visualized with BCIP/NBT.s of reproduction in any form reserved.
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473Activation of gsc Promoter by Xlim-1Northern Blots
RNA extraction and Northern blot hybridization were described
previously (Taira et al., 1994b). cDNA fragments of gsc and otx2
were isolated from SK(2)gsc (Cho et al., 1991) and pGEM3-Xotx2
(Pannese et al., 1995), respectively, and used for preparing 32P-
labeled probes.
RESULTS
Xlim-1/3m Activates the gsc Promoter
We have shown earlier that transcription of the resident
gsc gene in animal explants of Xenopus embryos is stimu-
lated by the mutant of the Xlim-1 protein (3m) which
behaves as an activated form in this system (Taira et al.,
1994b). The basis of this stimulation was investigated by
co-injection of gsc promoter–luciferase constructs with
RNA encoding Xlim-1/3m, or globin as control, into the
FIG. 1. Activation of gsc reporter constructs by Xlim-1/3m. (A)
Summary of responsiveness of gsc constructs to Xlim-1/3m as seen
in multiple experiments. The lengths of the upstream regions and
the positions of response elements are indicated (upstream ele-
ment, UE; distal element, DE; proximal element, PE). (B) A repre-
sentative experiment illustrating activation of reporters with dif-
ferent upstream regions. Xlim-1/3m and globin RNA as control
were co-injected with gsc/Luc reporter DNA, and luciferase activ-
ity was measured in animal caps as described under Materials and
Methods. Means 6 SE are calculated from four independent assays.
Amounts of injected DNA and mRNA: 100 and 250 pg/embryo,
respectively.Copyright © 2000 by Academic Press. All rightmbryo, followed by animal explant culture and luciferase
ssay (Fig. 1). The absolute levels of luciferase activity, even
hen corrected for co-injected standards, varied in different
atches of embryos, as observed previously (Watabe et al.,
995); therefore, we present a summary of the results of
ultiple experiments (Fig. 1A) as well as the results of a
epresentative experiment (Fig. 1B). All gsc constructs con-
aining fragment sizes of 1.5 kb to 492 nucleotides up-
tream of the transcription initiation site showed full
ctivation by Xlim-1/3m, while 2413gsc/Luc showed a
educed response. Thus, a major component of the Xlim-
/3m response is contained in the region between 2492 and
413. This region contains a cluster of strong Xlim-1
omeodomain binding sites that we named the upstream
lement (UE) (see below). A shorter construct containing
26 nt of upstream region still showed reproducible but
uite weak response to Xlim-1/3m compared to 2492gsc/
uc (Fig. 1B). It is notable that the 2226 gsc/Luc construct
ontains the full activin- and Wnt-response elements of the
sc gene, named the distal element (DE) and proximal
lement (PE), respectively (Watabe et al., 1995).
The Xlim-1 Homeodomain Binds to TAAT Core
Elements in the gsc Promoter
Potential regulatory sites for Xlim-1 in the gsc promoter
were identified by footprinting and EMSA using a GST-
fusion protein of Xlim-1 which contains the homeodomain
and the following 27 residues. Figure 2B shows the purity of
the bacterially expressed product, together with similar
GST fusions of Otx2 and PV.1 which also were used for
EMSA. Footprinting of the 492-nt upstream region of the
gsc gene with the Xlim-1 homeodomain showed multiple
binding sites on the noncoding strand (Fig. 2A). These sites,
and protected sites seen on the coding strand (not shown),
are identified in the sequence in Fig. 2C. One of the major
Xlim-1 binding sites within the 2492 to 2413 region
corresponds to UE. Since deletion of UE (2413gsc/Luc
construct) reduced the response but not down to the level of
the 2226gsc reporter (Fig. 1), the region between 2413 and
2226 appears to contribute to the activation by Xlim-1/3m.
This response may be mediated by several weak binding
sites in the region between the UE and the DE (Fig. 2C). The
other two major binding sites correspond to the previously
identified activin- and Wnt-response elements, DE and PE,
respectively (Watabe et al., 1995).
Many homeodomain proteins have binding affinity to
TAATNN sequences in which NN is a particular dinucle-
otide. We note that most of the Xlim-1 binding regions in
the gsc promoter contain multiple copies of TAAT (or
ATTA). Comparison of TAAT core elements in strongly or
weakly protected regions, together with the EMSA data
described below, indicates that the Xlim-1 homeodomain
preferentially binds to TAATTA, TAATTG, TAATCA, and
TAATGG but not TAATCT in DE and TAATCC in PE.s of reproduction in any form reserved.
a
a
f
m
p
G
(
U
X
p
p
T
t
h
p
d
X
O
a
B
o
3
p
b
X
u
d
c
o
a
B
l
(
i
(
t
1
o
V
t
w
p
D
(
o
c
T
d
h
s
p
p
t
a
(
p
w
R
G
o
s
r
c
474 Mochizuki et al.Binding Specificity of Xlim-1, Otx2, Gsc, and PV.1
Homeodomains to UE and DE in the gsc Promoter
Sequences in the gsc promoter between 2492 and 2226
s well as between 2226 and 2104 are required for
ctivation by Xlim-1 (Figs. 1 and 5C). To provide a basis
or studying interactions between Xlim-1 and other ho-
eodomain proteins with specific regions of the gsc
romoter, binding of the homeodomains of Xlim-1, Otx2,
sc, and PV.1 to the UE and DE was studied by EMSA
Fig. 3). Both Xlim-1 and Otx2 homeodomains bind to the
E sequence, but binding of Otx2 is weaker than that of
lim-1 (Figs. 3A and 3B). The UE contains three overlap-
ing TAAT/ATTA core elements (Fig. 3I); when two
oint mutations were introduced to destroy all three
AAT/ATTA core elements, the resulting oligonucleo-
ide (UEm) could no longer bind to either Xlim-1 or Otx2
omeodomain (Fig. 3A). At a lower concentration of
rotein, the affinity difference between the two homeo-
omains for the UE is better demonstrated: while the
lim-1 homeodomain still binds UE specifically, the
tx2 homeodomain no longer binds UE (Fig. 3B). Xlim-1
nd Otx2 also bind to DE (Fig. 3C) as does PV.1 (Fig. 3G).
inding of Xlim-1 to DE is competed by UE, but binding
f Otx2 or of PV.1 to DE is poorly competed by UE (Figs.
C and 3G). From these results we conclude that UE is
referentially a Xlim-1 binding site.
DE, which contains four core TAAT elements (Fig. 3I),
inds the homeodomains of all four proteins considered,
lim-1, Otx2, Gsc, and PV.1. Mutant oligonucleotides were
sed to determine the core sites within DE that bind to the
ifferent homeodomains. The region of mutation is indi-
ated by a lowercase letter, so that DEa designates a DE
ligonucleotide in which site A is mutated (Fig. 3I). In
greement with DNase I footprint analysis (Fig. 2A), sites A,
, and D are important for Xlim-1 binding, while site C is
ess so, as an oligonucleotide with only site C intact
DEabd) competes poorly (Fig. 3D). In contrast, site D is
mportant, as DEabc with only site D intact competes well
Fig. 3D).
As distinct from Xlim-1, Otx2 and Gsc bind preferentially
o site C in agreement with previous reports (Artinger et al.,
997; Ferreiro et al., 1998) as well as the known preference
f bicoid-class homeodomains (Driever and Nusslein-
olhard, 1989; Hanes and Brent, 1991). This is illustrated by
he weak competition of DEabc for Otx2 binding to DE,
hile DEabd competes well (Fig. 3E). Likewise, DEc com-
etes poorly but DEabd competes well for Gsc binding to
E (Fig. 3F). PV.1, however, binds to DEbc but not to DEabd
Fig. 3H); thus, PV.1 requires site A and/or D, but not site B
r C for binding. On the basis of these binding studies, we
onclude that Xlim-1 and PV.1 bind to overlapping sites (A,
AATGC, and/or D, TAATTG) in the DE region that are
istinct from site C (TAATCT) bound by the Otx2 and Gsc
omeodomains. The functional consequences of these
pecificities will be discussed below.Copyright © 2000 by Academic Press. All rightFIG. 2. The Xlim-1 homeodomain protects multiple sites in the gsc
promoter. (A) DNase I footprint of the upstream region of gsc with GST/
Xlim-1 (HD27). Protected regions are indicated by lines, positions of
increased DNase sensitivity are indicated by asterisks, and the positions
of UE, DE, and PE are indicated. Left, long run; right, short run; the
corresponding bands between the two runs are indicated by arrows. G or
G1A indicates control ladders; minus (2) indicates footprint without
rotein; Xlim1 (1) stands for GST/Xlim-1 (HD27). (B) SDS–PAGE of
urified bacterially synthesized GST-fusion proteins. Each fusion con-
ained the homeodomain and several additional residues (see Materials
nd Methods); the Gsc homeodomain fusion was reported previously
Artinger et al., 1997). These fusion proteins were used in DNase
rotection in A and in binding experiments in Fig. 3; m, molecular
eight markers. (C) Sequence of 492 bp of the gsc upstream region.
esponse elements are enclosed in boxes, and sequences protected by
ST/Xlim-1 (HD27) are indicated by single dashed line (weak protection
n the antisense strand) or double dashed line (strong protection on both
trands). A diagram of the 2492gsc/Luc construct, with weakly protected
egions indicated by hatched boxes and strongly protected regions indi-
ated by filled boxes, is shown below.s of reproduction in any form reserved.
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475Activation of gsc Promoter by Xlim-1Binding of Full-Length Proteins to the gsc
Promoter
To gain further support of binding specificity, EMSA was
performed with extracts from Xenopus embryos overex-
pressing FLAG-tagged proteins produced by microinjection
of mRNAs into the animal region at the two-cell stage. All
expressed proteins were detected in embryo extracts by
Western blotting with an anti-FLAG antibody (Fig. 4A).
EMSA was performed with UE oligonucleotide (see Fig. 3I)
and embryo extracts containing FLAG-Xlim1 or FLAG-
Xlim1 plus Ldb1. As seen in Fig. 4B, a shifted band could be
detected with FLAG-Xlim1 (lane 3), and this band was
supershifted by adding anti-FLAG antibody (lane 4). When
UE was incubated with embryo extracts containing FLAG-
Xlim1 and Ldb1, we detected a shifted band with slower
migration and stronger intensity than that with FLAG-
Xlim1 alone (compare lanes 3 and 5). This slowly migrating
complex was also supershifted by adding anti-FLAG anti-
body (lane 6). The binding specificity of protein complexes
containing FLAG-Xlim1 and Ldb1 to UE is very similar to
FIG. 2—Copyright © 2000 by Academic Press. All righthat of GST-Xlim1 homeodomain, since the shifted band
as competed with excess amounts of UE but not with
Em (lanes 7–10).
The same approach was taken with the DE oligonucleo-
ide (see Fig. 3I). As shown in Fig. 4C, shifted and super-
hifted bands were formed using extracts containing FLAG-
lim1 alone or FLAG-Xlim1 plus Ldb1 in the presence or
bsence of anti-FLAG antibody in a fashion similar to those
ith UE (lanes 3–8), indicating that complexes containing
LAG-Xlim1 and Ldb1 bind to DE with higher affinity than
LAG-Xlim1 alone. Binding specificity of the complexes
as tested by competition with mutated DE; the shifted
and was reduced by adding excess amounts of DE or DEc,
ut not by DEabd (lanes 9–14), indicating that Xlim-1/Ldb1
ind to A, B, and D sites but not to C site. This result is
onsistent with binding specificity of GST-Xlim1 homeo-
omain (Fig. 3D).
We also examined binding of full-length Otx2, Gsc, and
V.1 using FLAG-tagged proteins expressed in whole em-
ryos. As shown in Fig. 4D, FLAG-Otx2 generated a shifted
tinuedCons of reproduction in any form reserved.
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477Activation of gsc Promoter by Xlim-1band with DE, which was supershifted with anti-FLAG
antibody and competed with DE and DEabd (lanes 3–8) but
poorly by DEc (lanes 9 and 10) (compare lanes 6, 8, and 10).
FLAG-Gsc formed a shifted band that is located just below
a nonspecific band (Fig. 4E, lane 3). Similar to FLAG-Otx2,
this band was supershifted with anti-FLAG antibody and
competed with DE and DEabd (lanes 3–8) but poorly by DEc
(lanes 9 and 10) (compare lanes 6, 8, and 10). FLAG-PV.1
also bound to DE, generating a band that migrated with a
nonspecific band (Fig. 4F). Formation of this shifted band
was reduced by anti-FLAG antibody, implying that anti-
FLAG antibody inhibits DNA binding of PV.1 (lane 4). The
shifted band with PV.1 was competed with DE and DEc, but
poorly by DEabd (lanes 5–10) (compare lanes 5, 7, and 9).
These results suggest that Otx2 and Gsc bind to the C site,
and PV.1 binds A, B, and D sites in DE, consistent with
binding data obtained with the GST homeodomains of
Otx2, Gsc, and PV.1 (Figs. 3E–3H). Thus, the data from
footprint and EMSA obtained with purified GST–
homeodomain fusions most likely reflect the binding speci-
ficities of intact Xlim-1, Otx2, Gsc, and PV.1 proteins.
Ldb1 and Otx2 Synergize with Xlim-1
in Stimulating the gsc Promoter
The promoter activity assay shown in Fig. 1 utilized the
3m mutant, which we had shown earlier to behave as an
activated form of Xlim-1 protein (Taira et al., 1994b).
ild-type Xlim-1 stimulates endogenous gsc expression in
nimal caps much less than the 3m mutant and likewise
as quite weak in activating the gsc/Luc reporter. Syner-
ism between Xlim-1 and the LIM domain binding protein
db1 was tested since Ldb1, also called NLI and CLIM-2,
inds to LIM domains and has been shown to modulate the
ctivities of LIM domain proteins (Agulnick et al., 1996;
ach et al., 1997; Breen et al., 1998; Jurata and Gill, 1997).
oexpression of Xlim-1 and Ldb1 strongly activated the
492gsc/Luc reporter (Fig. 5A), whereas Xlim-1 alone was
ot effective (Fig. 5B). This synergistic activation depended
n UE at low levels (25–50 pg/embryo) but less so at high
evels (100 pg/embryo) of injected mRNAs (Fig. 5A).
The weak activity of wild-type Xlim-1 for the gsc reporter
llowed us to examine the possible existence of synergistic
FIG. 3. Binding of Xlim-1, Otx2, Gsc, and PV.1 homeodomain fus
sequences of the wild-type and mutant oligonucleotides used
concentration, 5 mg/ml. Xlim-1 binds more strongly than Otx2, an
concentration of 2.5 mg/ml, Xlim-1 still binds but Otx2 does not. Th
poorly. (C) Xlim-1 and Otx2 bind to DE. The DE oligonucleotide co
poorly for Otx2. (D) Oligonucleotide DEabd competes poorly wh
important for Xlim-1 binding to DE. (E) Otx2 binding is competed
for Otx2 binding. (F) Gsc binding to DE is well competed by DEabd
to DE is poorly competed by UE. (H) PV.1 binds well to DEbc but no
to Otx2 or Gsc. (I) Sequence of the oligonucleotides used in the biCopyright © 2000 by Academic Press. All rightactors other than Ldb1. One candidate as cofactor was
tx2 because of its binding to the gsc promoter (Figs. 3 and
) and its coexpression with Xlim-1 and Gsc in the pre-
hordal plate and because high levels of Otx2 activate the
esident gsc gene in animal explants (Pannese et al., 1995).
s shown in Fig. 5B, the coexpression of Xlim-1 and Otx2
timulated the gsc promoter strongly, about 30-fold com-
ared to Xlim-1 alone in this experiment. Furthermore,
oexpression of the three proteins, Xlim-1, Ldb1, and Otx2,
ctivated the reporter gene more strongly than either Xlim-
/Ldb1 or Xlim-1/Otx2. Coexpression of Ldb1 and Otx2 was
neffective (Fig. 5B), as was Ldb1 or Otx2 alone (not shown).
tx2 also did not enhance the activation of the gsc pro-
oter by Xlim-1/3m (data not shown). These results sug-
est that Otx2 and Ldb1 act as cofactors for Xlim-1, since
lim-1 is the essential component in the synergistic acti-
ation by the three proteins.
We note that the level of activation of 2492gsc/Luc by
ombination of Xlim-1/Ldb1, Xlim-1/Otx2, or Xlim-1/
db1/Otx2 is reproducibly higher than activation by Xlim-
/3m compared with the same amount of injected mRNAs
Fig. 5B). This result may be explained by a model in which
lim-1 and Ldb1 can form a tetrameric complex to bind
NA since Ldb1 homodimerizes in the N-terminal region
nd interacts with LIM domains in the C-terminal region
Breen et al., 1998; Jurata and Gill, 1997; Milan and Cohen,
999; van Meyel et al., 1999). This tetrameric complex may
ind DNA more tightly than Xlim-1/3m and in a different
anner.
The region between 2492 and 2226 of the gsc reporter
as required for full stimulation by Xlim-1/3m (Fig. 1). This
s also true for the combination of Xlim-1, Ldb1, and Otx2
Fig. 5C). In addition to this upstream region, the DE and PE
egion (2226 to 2105), containing the activin- and Wnt-
esponse elements of the promoter (Watabe et al., 1995), is
lso required for full stimulation (Fig. 5C). Each region
ppears to be capable of contributing independently to
romoter activation, since the 2226 construct, or UR256/
104 construct containing the 2481 to 2226 region but
acking the DE and PE, was stimulated at a low but
easurable level (Fig. 5C). Thus the gsc promoter contains
istributed response elements to Xlim-1 and its cooperating
actors.
roteins to elements in the gsc promoter, as studied by EMSA. The
hown in I. (A) Binding to UE oligonucleotide at high protein
mutant oligonucleotide UEm does not bind. (B) At lower protein
oligonucleotide competes for Xlim-1 binding, but UEm competes
tes well for both proteins, while UE competes well for Xlim-1 but
Eabc competes well, indicating that site D is, but site C is not,
by DEabd but poorly by DEabc, indicating that site C is necessary
oorly by DEc, again indicating site C as essential. (G) PV.1 binding
Eabd, indicating a binding specificity closer to that of Xlim-1 than
g experiments shown in A–H.ion p
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479Activation of gsc Promoter by Xlim-1Gsc and PV.1 Repress the gsc Promoter
by Different Mechanisms
In view of the fact that the Gsc protein binds to DE (Figs.
3F and 4E), we found that Gsc strongly inhibited the
stimulation of 2492gsc/Luc construct by Xlim-1/3m,
Xlim-1 plus Ldb1 (not shown), or Xlim-1, Ldb1, and Otx2
(Fig. 6A). Thus, Gsc can act as a repressor for its own gene.
This finding is consistent with the previous reports that
Gsc acts a repressor for the Xenopus Xbra promoter
Artinger et al., 1997) and the mouse and human gsc
romoter (Danilov et al., 1998) and that antimorphic Gsc,
in which the N-terminal region was replaced by the VP16
activation domain, activates the 2226gsc/Luc reporter gene
(Ferreiro et al., 1998). As Gsc binds preferentially to the C
site in DE, we tested its effect on the mutant reporter
2492DEabc. This mutated reporter was still activated by
Xlim-1, Ldb1, and Otx2 but no longer repressed by Gsc (Fig.
6A), indicating that Gsc represses its own promoter via
binding at site C in DE.
Like Gsc, the ventral homeodomain protein PV.1 effec-
tively repressed the activity of the gsc promoter after
stimulation by Xlim-1, Ldb1, and Otx2 (Fig. 6B). However,
the repression mechanism is different from that of Gsc;
PV.1 was still able to repress the reporter containing the
DEabc mutation (Fig. 6B), suggesting that PV.1 acts via
binding sites including the D site in DE (Figs. 3H and 4F).
We conclude that Gsc and PV.1 repress the gsc promoter by
binding to different sites.
UE and DE Are Required for Full Activation
of 2492gsc/Luc in the Dorsal Region
Since a region from 2492 to 2414 containing the UE is
equired for full activation of the gsc promoter by Xlim-1
nd Ldb1 in animal caps (Fig. 5A), we examined whether
his region is also required for activation by endogenous
actors. gsc/Luc constructs were microinjected into the
quatorial regions of dorsal or ventral blastomeres at the
our-cell stage. As shown in Fig. 7A, although both
492gsc/Luc and 2413gsc/Luc were activated in the dorsal
egion better than in the ventral region, expression levels of
FIG. 4. Binding specificity of FLAG-tagged full-length Xlim-1 and
ere expressed in Xenopus embryos, and embryo extracts were used
proteins in embryo extracts were visualized by Western blotting. T
mass except for Xlim-1; the apparent size of Xlim-1 on SDS–PA
previously (Karavanov et al., 1996). (B) Binding of Xlim-1 alone or X
TAAT core sequences in UE. Lane 1, 32P-labeled UE probe; lane 2
njected embryos; lanes 5–10, FLAG-Xlim1 plus HA-Ldb1-injected
nd 8, UE as competitor; lanes 9 and 10, UEm as competitor. (C–F
ligonucleotide. Labeling essentially as in B. DE, DEabd, and DEc
, B, and D sites in DE. Lanes 3 and 4, FLAG-Xlim-1-injected em
xtract. (D) Otx2 binds to C site in DE. Lanes 3–10, FLAG-Otx2
LAG-Gsc-injected embryo extract. (F) PV.1 binds to A, B, and
LAG-Gsc; FO, FLAG-Otx2; FP, FLAG-PV.1; FX, FLAG-Xlim1; NS
y FLAG antibody.Copyright © 2000 by Academic Press. All right492gsc/Luc were higher than those of 2413gsc/Luc. In
ontrast, 2104gsc/Luc was barely activated, and no differ-
nce in luciferase activity between dorsal and ventral re-
ions was observed, as reported previously (Watabe et al.,
995). These data suggest that the UE-containing region is
equired for full activation of the gsc promoter in the dorsal
region. The analysis of point mutants also suggests that
both UE and DE are required for full activation of the gsc
promoter in the dorsal region, even though dorsoventral
differences persist in the responsiveness of such mutants
(Fig. 7B). These results again suggest that the gsc promoter
contains multiple response elements to endogenous factors,
as indicated by animal cap assays (Figs. 5 and 6).
Expression of gsc and otx2 Genes in Animal Caps
Is Activated by Xlim-1
We have already shown that Xlim-1 synergizes with Ldb1
and Otx2 in gsc promoter activation (Fig. 5B). To assess this
synergy for the endogenous gsc gene, we analyzed gsc
expression in animal caps dissected from embryos injected
with various combinations of mRNAs. As shown in Fig. 8A,
Xlim-1, Ldb1, and Otx2 strongly activated gsc expression,
nd this level of activation was much higher than that by
lim-1 plus Ldb1, Xlim-1 plus Otx2, or either of them
lone; these data are consistent with promoter assays
hown in Fig. 5B. We note that this synergism is observed
nly at moderate levels of Xlim-1, Ldb1, and Otx2 mRNAs,
ecause either Xlim-1/Ldb1 or Otx2 alone can fully activate
he gsc gene at higher levels of expression (data not shown).
As we postulate that Otx2 assists Xlim-1 in the mainte-
nance of gsc expression in the prechordal plate, we at-
tempted to examine how expression of gsc as well as otx2 is
restricted to this embryonic region even though Xlim-1 is
expressed in both prechordal plate and notochord (Taira et
al., 1994a). A good candidate for a transcription factor
which might be involved in posterior identity is Xbra, since
it is expressed in the notochord but not in the prechordal
plate, and the role of Xbra has been shown to be a posteri-
orizing factor in the axial mesoderm of the gastrula (Taira et
al., 1997; Yamada, 1994). The regulation of gsc and otx2
expression by Xlim-1 and Xbra was therefore examined
1, Otx2, Gsc, and PV.1 in embryo extracts. FLAG-tagged proteins
EMSA as described under Materials and Methods. (A) FLAG-tagged
ze of each protein roughly corresponds to the calculated molecular
s much higher than the calculated molecular mass, as reported
/Ldb1 complex to UE oligonucleotide. Xlim-1/Ldb1 complex binds
njected embryo extract; lanes 3 and 4, extract from FLAG-Xlim1-
yo extract; lanes 4 and 6, with anti-FLAG antibody added; lanes 7
ding of Xlim-1, Xlim-1/Ldb1 complex, Otx2, Gsc, and PV.1 to DE
used as competitors, as indicated. (C) Xlim-1/Ldb1 complex binds
extract; lanes 7–14, FLAG-Xlim1 plus HA-Ldb1-injected embryo
cted embryo extract. (E) Gsc binds to C site in DE. Lanes 3–10,
es in DE. Lanes 3–10, FLAG-PV.1-injected embryo extract. FG,
specific binding. Label in parentheses indicates bands supershiftedLdb
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480 Mochizuki et al.using animal caps derived from embryos injected with
different mRNAs. We found that Xlim-1/3m activated the
resident otx2 gene in animal caps and that this activation
as strongly suppressed by co-injection of Xbra RNA,
whereas gsc expression activated by Xlim-1/3m was not
affected by Xbra (Fig. 8B). Thus gsc expression may be
restricted in the anterior region through reduction of otx2
expression by Xbra in the posterior region. This speculation
FIG. 5. Synergistic activation of the gsc promoter by Xlim-1, Ld
injected is given in pg/embryo. (A) Xlim-1 and Ldb1 cooperate in
transcription factor concentrations but is largely dispensable at high
the gsc promoter. Maximal activity is obtained with Xlim-1, Ldb1,
the regions between 2492 to 2226 and the DE plus PE are requireCopyright © 2000 by Academic Press. All rightis incorporated into a model of regulatory interactions that
we present under Discussion.
DISCUSSION
In this paper, we propose that the gsc gene is a direct
arget gene for Xlim-1 in the organizer and the prechordal
nd Otx2. Reporters used are indicated, and the amount of RNA
oter activation. The UE contributes to activation strongly at low
centrations. (B) Otx2 acts as coactivator with Xlim-1 in stimulating
Otx2, but Ldb1 and Otx2, at the levels used, are inactive. (C) Both
full promoter activation by the triple factor combination.b1, a
prom
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481Activation of gsc Promoter by Xlim-1plate, based on the following three lines of evidence: (1) gsc
nd Xlim-1 are coexpressed during gastrulation; (2) Xlim-1,
either in the form of its mutant 3m or in cooperation with
its cofactor Ldb1, can elicit induction of the endogenous gsc
gene as well as activation of gsc promoter constructs in
animal caps; (3) the Xlim-1 homeodomain as well as a
complex containing Xlim-1 and Ldb1 bind to multiple
TAAT core elements in the gsc promoter. No single TAAT
core element proved to be critical for responsiveness to
Xlim-1, since deletion of UE failed to completely abolish
gsc reporter activity, and point mutations in DE (DEabc)
had little effect. Thus the activation of the gsc reporter by
Xlim-1 probably results from cumulative effects of the
binding of multiple Xlim-1 molecules to several TAAT core
elements in the promoter. This conclusion was also sup-
FIG. 6. Repression of gsc promoter activation by Gsc and PV.1. (
uppressed by Gsc. The DEabc mutant reporter is still activated, b
n DE is the major Gsc binding site. (B) PV.1 represses activation o
ith the observation that PV.1 can bind to multiple sites. Amount
sc, 40; PV.1, 100.Copyright © 2000 by Academic Press. All rightported by in vivo data in which mutations of UE and DE
reduced reporter activities responding to endogenous fac-
tors in the dorsal region, but these mutants still showed
higher activities in the dorsal compared to the ventral
region (Fig. 7). In contrast, point mutations of a consensus
binding site for the paired class of homeodomain in the
Goosecoid–activin element of the zebrafish gsc promoter
completely abolished the dorsoventral activity difference in
Xenopus embryos (McKendry et al., 1998). This difference
ay be due to the fact that the shorter zebrafish promoter
241 bp) may not be exactly comparable to the longer
enopus promoter used here (492 bp).
The gsc and Xlim-1 genes are activated at about the same
time shortly after the midblastula transition in Xenopus
embryos; further, both genes are induced by activin in
tivation of 2492gsc/Luc by Xlim-1, Ldb1, and Otx2 is efficiently
sc does not repress, in agreement with the observation that site C
the wild-type and the DEabc mutant gsc promoter, in agreement
RNAs (pg/embryo): globin, 500; Xlim-1, 100; Ldb1, 100; Otx2, 40;A) Ac
ut G
f both
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482 Mochizuki et al.animal caps in the presence of cycloheximide, apparently
without a requirement for protein synthesis (Cho et al.,
1991; Taira et al., 1992). It is therefore unlikely that gsc
induction by activin, or the initial activation of gsc in the
blastula, is mediated by Xlim-1. It is rather more likely that
gsc expression elicited by Xlim-1 reflects the role of Xlim-1
in the maintenance of gsc expression in axial mesoderm.
Activation of the gsc promoter by wild-type Xlim-1 requires
the cofactor Ldb1. Ldb1 has been shown to form ho-
modimers by way of its N-terminal 200 residues, while it
interacts with LIM domains through a segment of about 30
residues in the C-terminal region (Breen et al., 1998; Jurata
and Gill, 1997), and dimerization has been shown to be the
only required function of the activation of the Apterous
protein by the Ldb1 homolog CHIP (Milan and Cohen,
1999; van Meyel et al., 1999). In addition, our observations
in EMSA with Xenopus embryo extracts (Figs. 4B and 4C)
suggest that Xlim-1 and Ldb1 form a complex binding more
effectively to target DNA sequences than Xlim-1 alone. The
Ldb/NLI family of proteins may have an important role in
mediating functional interactions between LIM domain and
other homeodomain proteins in development (reviewed in
Dawid et al., 1998). In addition, it has been reported that
NLI represses the synergistic gene activation mediated by
FIG. 7. UE and DE are required for full activation of 2492gsc/Lu
into the equatorial region of dorsal or ventral blastomeres at the fou
The UE-containing region is required for full activation of the gsc p
ctivation of gsc promoter in the dorsal region.Copyright © 2000 by Academic Press. All rightthe LIM homeodomain protein Lmx1 and the bHLH protein
Pan1 (ortholog of E47) (Jurata and Gill, 1997). Whether a
complex of a LIM-homeodomain protein and Ldb1/NLI
activates or represses a promoter thus may depend on the
DNA context in which these interactions occur.
In this study we have observed synergism between
Xlim-1 and Otx2 in the activation of the gsc promoter (Fig.
5B) and gsc expression in animal caps (Fig. 8A). This
synergism may account for the remarkably similar headless
phenotype obtained by disrupting the Lim1 or Otx2 gene in
he mouse (Acampora et al., 1995; Ang et al., 1996; Matsuo
t al., 1995; Shawlot and Behringer, 1995). Recently, a
eexamination of the expression patterns of Lim1 (also
amed Lhx1), Otx2, and gsc in the early mouse embryo
evealed that these genes are coexpressed in the anterior
isceral endoderm, a region that may correspond to the
ead organizer in Xenopus (Belo et al., 1997; Thomas and
eddington, 1996). It is therefore interesting to speculate
hat Xlim-1 and otx2 specify head organizer function by
ooperative activation of appropriate target genes including
sc; gsc cannot be the only relevant target gene since its
eletion does not lead to a headless phenotype (Rivera-Perez
t al., 1995; Yamada et al., 1995). Our observations of
ynergy between Xlim-1, Ldb1, and Otx2 in gsc promoter
he dorsal region. gsc/Luc DNA (50 pg/embryo) was microinjected
ll stage, cultured until stage 11, and assayed luciferase activity. (A)
oter in the dorsal region. (B) Both UE and DE were required for fullc in t
r-ce
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483Activation of gsc Promoter by Xlim-1activation and gsc expression in animal caps parallel the
ata indicating synergy, based on physical interactions,
etween P-Lim (an alternate name for Lim3 or Lhx3),
LIM-1a (an Ldb1-related protein), and P-Otx (Ptx1/Pitx1),
protein closely related to Otx2 (Bach et al., 1997).
The Gsc protein is capable of inhibiting the activity of its
wn promoter in assays using reporters activated by Xlim-1,
db1, and Otx2. Otx2 and Gsc belong to the same homeo-
omain group in that both have a lysine residue at position
0 of the homeodomain and share binding specificity for
AATCT and TAATCC (Artinger et al., 1997; Klein and Li,
999; see Fig. 3). As these two proteins recognize similar
arget sequences, there may be competition between Otx2
nd Gsc for binding to the C site of DE, with Otx2 having
ctivating and Gsc inhibiting effects. Inhibition of the
FIG. 8. Activation of the resident gsc and otx2 genes in animal
aps. Xenopus embryos at the two-cell stage were injected in each
lastomere at the animal pole with the RNAs indicated; animal
aps were dissected at stage 9 and collected at stage 11 for RNA
reparation and Northern blotting. (A) Xlim-1, Ldb1, and Otx2
ynergistically activated gsc. In addition, Xlim1 and Otx2, without
db1, could activate gsc. Amounts of mRNAs (pg/embryo): Xlim-1,
00; Ldb1, 200; Otx2, 80; globin, 500. (B) Xlim-1/3m activated both
sc and otx2 expression in animal caps, but only the expression of
tx2 was inhibited by coexpression of Xbra. Amounts of mRNAs
pg/embryo): 3m, 1000; Xbra, 1000; globin, 2000.Copyright © 2000 by Academic Press. All rightouse and human gsc promoter by Gsc requires PE
Danilov et al. 1998), suggesting that Gsc inhibition, just
ike Xlim-1 activation, involves multiple sites in the com-
lex gsc promoter.
Repression of the gsc promoter by Gsc and PV.1 proteins
s similarly effective under the experimental conditions we
mployed, but the biological roles of the two proteins are
ifferent. In the case of Gsc autoinhibition, the rationale
ay be to provide a feedback loop to limit gsc expression. In
ontrast, PV.1, closely related to Xvent-1, is expressed
entrally as a consequence of BMP singling in a region of
he embryo where gsc is not expressed (Ault et al., 1996;
nichtchouk et al., 1998). It appears that PV.1 is a repressor
rotein whose function is to maintain the character of
entral mesoderm by inhibiting gsc expression in the non-
rganizer regions of the marginal zone. Similarly, Xbra may
nhibit Gsc function in the notochord where gsc expression
iminishes during gastrulation. The ability of Xbra to
epress otx2 expression (Fig. 8B) and of Gsc to repress Xbra
xpression (Artinger et al., 1997) may play a role in restrict-
ng gsc expression to the prechordal plate and Xbra expres-
ion to the notochord at mid- to late gastrulation. However,
s Xbra is a transcriptional activator (Conlon et al., 1996),
e assume that otx2 repression is indirect.
The transcription factor interactions discussed above are
ncorporated into a model of dorsoventral and anteroposte-
FIG. 9. Model of gene interactions in the Xenopus gastrula
mbryo. (A) Schematic expression pattern of Xlim-1, gsc, otx2, and
Xbra in gastrula embryos (dorsal view). (B) Possible cascade of gene
regulation. See text for explanation.s of reproduction in any form reserved.
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484 Mochizuki et al.rior patterning in the gastrula embryo that is shown in Fig.
9. In the prechordal plate, Xlim-1 and Ldb1, in addition to
contributing to chordin induction, maintain the expression
of otx2 and of gsc; the autoinhibitory action of the latter is
counteracted by the activating function of Otx2, while Xbra
expression is suppressed by Gsc. In the notochord, the high
initial level of Xbra prevents otx2 gene activation by Xlim-1
plus Ldb1, and in the absence of Otx2, the gsc gene turns
itself off by autorepression; note that in the early gastrula,
gsc is active in the entire organizer, but its expression fades
in posterior axial mesoderm as gastrulation proceeds. In
ventral mesoderm, the strong repression of gsc and otx2 by
PV.1/Xvent-1 and Xbra maintains the ventral character of
this tissue. Clearly, this scheme is incomplete in that
additional factors are undoubtedly involved, yet it provides
a cogent model for the interactions of the factors considered
in this paper during axial patterning in the gastrula.
ACKNOWLEDGMENTS
We thank M. Pannese and E. Boncinelli for Xotx2 cDNA clones,
E. De Robertis for pSP35T-gsc, J. Smith for pSP64T-Xbra, I. Hiratani
for pCS2FLAG, T. Aoki and H. Hikasa for pCS2AdN, M. Rebbert
for luciferase assays in the beginning of this project, and M. A.
Whitman and M. Watanabe for technical advice on EMSA with
Xenopus embryo extracts. This work was supported in part by a
Grant-in-Aid for Scientific Research from the Ministry of Educa-
tion, Science, Sports, and Culture of Japan and by the Toray Science
Foundation, Japan.
REFERENCES
Acampora, D., Mazan, S., Lallemand, Y., Avantaggiato, V., Maury,
M., Simeone, A., and Brulet, P. (1995). Forebrain and midbrain
regions are deleted in Otx22/2 mutants due to a defective
anterior neuroectoderm specification during gastrulation. Devel-
opment 121, 3279–3290.
Agulnick, A. D., Taira, M., Breen, J. J., Tanaka, T., Dawid, I. B., and
Westphal, H. (1996). Interactions of the LIM-domain-binding
factor Ldb1 with LIM homeodomain proteins. Nature 384, 270–
272.
Andreazzoli, M., Pannese, M., and Boncinelli, E. (1997). Activating
and repressing signals in head development: The role of Xotx1
and Xotx2. Development 124, 1733–1743.
Ang, S. L., Jin, O., Rhinn, M., Daigle, N., Stevenson, L., and
Rossant, J. (1996). A targeted mouse Otx2 mutation leads to
severe defects in gastrulation and formation of axial mesoderm
and to deletion of rostral brain. Development 122, 243–252.
Artinger, M., Blitz, I., Inoue, K., Tran, U., and Cho, K. W. Y. (1997).
Interaction of goosecoid and brachyury in Xenopus mesoderm
patterning. Mech. Dev. 65, 187–196.
Ault, K. T., Dirksen, M. L., and Jamrich, M. (1996). Novel ho-
meobox gene PV.1 mediates induction of ventral mesoderm in
Xenopus embryos. Proc. Natl. Acad. Sci. USA 93, 6415–6420.
Bach, I., Carriere, C., Ostendorff, H. P., Andersen, B., and Rosen-
feld, M. G. (1997). A family of LIM domain associated cofactors
confer transcriptional synergism between LIM and Otx homeo-
domain proteins. Genes Dev. 11, 1370–1380.
Belo, J. A., Bouwmeester, T., Leyns, L., Kertesz, N., Gallo, M.,
Follettie, M., and De Robertis, E. M. (1997). Cerberus-like is aCopyright © 2000 by Academic Press. All rightsecreted factor with neuralizing activity expressed in the anterior
primitive endoderm of the mouse gastrula. Mech. Dev. 68, 45–57.
Blitz, I. L., and Cho, K. W. Y. (1995). Anterior neurectoderm is
progressively induced during gastrulation: The role of the Xeno-
pus homeobox gene orthodenticle. Development 121, 993–1004.
Bouwmeester, T., and Leyns, L. (1997). Vertebrate head induction
by anterior primitive endoderm. BioEssays 19, 855–863.
Breen, J. J., Agulnick, A. D., Westphal, H., and Dawid, I. B. (1998).
Interactions between LIM domains and the LIM domain-binding
protein Ldb1. J. Biol. Chem. 273, 4712–4717.
Chen, X., Rubock, M. J., and Whitman, M. A. (1996). Transcrip-
tional partner for Mad proteins in TGF-b signalling. Nature 383,
691–696.
ho, K. W. Y., Blumberg, B., Steinbeisser, H., and De Robertis,
E. M. (1991). Molecular nature of Spemann’s organizer: The role
of the Xenopus homeobox gene goosecoid. Cell 67, 1111–1120.
onlon, F. L., Sedgwick, S. G., Weston, K. M., and Smith, J. C.
(1996). Inhibition of Xbra transcription activation causes defects
in mesodermal patterning and reveals autoregulation of Xbra in
dorsal mesoderm. Development 122, 2427–2435.
unliffe, V., and Smith, J. C. (1992). Ectopic mesoderm formation
in Xenopus embryos caused by widespread expression of a
Brachyury homologue. Nature 358, 427–430.
anilov, V., Blum, M., Schweickert, A., Campione, M., and Stein-
beisser, H. (1998). Negative autoregulation of the organizer-
specific homeobox gene goosecoid. J. Biol. Chem. 273, 627–635.
awid, I. B., Breen, J. J., and Toyama, R. (1998). LIM domains:
Multiple roles as adapters and functional modifiers in protein
interactions. Trends Genet. 14, 156–162.
riever, W., and Nusslein-Volhard, C. (1989). The bicoid protein is
a positive regulator of hunchback transcription in the early
Drosophila embryo. Nature 337, 138–143.
erreiro, B., Artinger, M., Cho, K. W. Y., and Niehrs, C. (1998).
Antimorphic goosecoids. Development 125, 1347–1359.
awantka, V., Delius, H., Hirschfeld, K., Blumenstock, C., and
Niehrs, C. (1995). Antagonizing the Spemann organizer: Role of
the homeobox gene Xvent-1. EMBO J. 14, 6268–6279.
anes, S. D., and Brent, R. (1991). A genetic model for interaction
of the homeodomain recognition helix with DNA. Science 251,
426–430.
arland, R., and Gerhart, J. (1997). Formation and function of
Spemann’s organizer. Annu. Rev. Cell Dev. Biol. 13, 611–667.
uang, H. C., Murtaugh, L. C., Vize, P. D., and Whitman, M.
(1995). Identification of a potential regulator of early transcrip-
tional responses to mesoderm inducers in frog embryo. EMBO J.
14, 5965–5973.
urata, L. W., and Gill, G. N. (1997). Functional analysis of the
nuclear LIM domain interactor NLI. Mol. Cell. Biol. 17, 5688–
5698.
aravanov, A. A., Saint-Jeannet, J. P., Karavanova, I., Taira, M., and
Dawid, I. B. (1996). The LIM homeodomain protein Lim-1 is
widely expressed in neural, neural crest and mesoderm deriva-
tives in vertebrate development. Int. J. Dev. Biol. 40, 453–461.
Kennison, J. A. (1995). The Polycomb and trithorax group proteins
of Drosophila: trans-regulators of homeotic gene function. Annu.
Rev. Genet. 29, 289–303.
Klein, W. H., and Li, X. (1999). Function and evolution of Otx
proteins. Biochem. Biophys. Res. Commun. 258, 229–233.
Krieg, P. A., and Melton, D. A. (1984). Functional messenger RNAs
are produced by SP6 in vitro transcription of cloned cDNAs.
Nucleic Acids Res. 12, 7057–7070.
Lemaire, P., and Kodjabachian, L. (1996). The vertebrate organizer:
Structure and molecules. Trends Genet. 12, 525–531.s of reproduction in any form reserved.
¨M
M
N
485Activation of gsc Promoter by Xlim-1Mangold, O. (1933). Uber die Induktionsfa¨higkeit der ver-
schiedenen Bezirke der Neurula von Urodelen. Naturwissen-
schaften 43, 761–766.
Matsuo, I., Kuratani, S., Kimura, C., Takeda, N., and Aizawa, S.
(1995). Mouse Otx2 functions in the formation and patterning of
rostral head. Genes Dev. 9, 2646–2658.
cKendry, R., Harland, R. M., and Stachel, S. E. (1998). Activin-
induced factors maintain goosecoid transcription through a
paired homeodomain binding site. Dev. Biol. 204, 172–186.
ilan, M., and Cohen, S. M. (1999). Regulation of LIM homeodo-
main activity in vivo: A tetramer of dLDB and apterous confers
activity and capacity for regulation by dLMO. Mol. Cell 4,
267–273.
iehrs, C., Steinbeisser, H., and De Robertis, E. M. (1994). Meso-
dermal patterning by a gradient of the vertebrate homeobox gene
goosecoid. Science 263, 817–820.
Nieuwkoop, P. D., and Faber, J. (1967). “Normal Table of Xenopus
laevis (Daudin).” North-Holland, Amsterdam.
Onichtchouk, D., Glinka, A., and Niehrs, C. (1998). Requirement
for Xvent-1 and Xvent-2 gene function in dorsoventral patterning
of Xenopus mesoderm. Development 125, 1447–1456.
Pannese, M., Polo, C., Andreazzoli, M., Vignali, R., Kablar, B.,
Barsacchi, G., and Boncinelli, E. (1995). The Xenopus homologue
of Otx2 is a maternal homeobox gene that demarcates and
specifies anterior body regions. Development 121, 707–720.
Peng, H. B. (1991). Solutions and protocols. In “Xenopus laevis:
Practical Uses in Cell and Molecular Biology” (B. K. Kay and
H. B. Peng, Eds.), Vol. 36, pp. 657–662. Academic Press, San
Diego.
Rivera-Perez, J. A., Mallo, M., Gendron-Maguire, M., Gridley, T.,
and Behringer, R. R. (1995). Goosecoid is not an essential
component of the mouse gastrula organizer but is required for
craniofacial and rib development. Development 121, 3005–3012.
Rupp, R. A., Snider, L., and Weintraub, H. (1994). Xenopus embryos
regulate the nuclear localization of XmyoD. Genes Dev. 8,
1311–1323.
Saiki, R. K., Gelfand, D. H., Stoffel, S., Scharf, S. J., Higuchi, R.,
Horn, G. T., Mullis, K. B., and Erlich, H. A. (1988). Primer-
directed enzymatic amplification of DNA with a thermostable
DNA polymerase. Science 239, 487–491.
Shawlot, W., and Behringer, R. R. (1995). Requirement for Lim1 in
head-organizer function. Nature 374, 425–340.
Smith, D. B., and Johnson, K. S. (1988). Single-step purification of
polypeptides expressed in Escherichia coli as fusions with gluta-
thione S-transferase. Gene 67, 31–40.
Spemann, H., and Mangold, H. (1924). U¨ber Induktion von Embryo-
nalanlagen durch Implantation artfremder Organizatoren. Wil-
helm Roux’ Arch. Entwicklungsmech. Org. 100, 599–638.Copyright © 2000 by Academic Press. All rightSteinbeisser, H., and De Robertis, E. M. (1993). Xenopus goosecoid:
A gene expressed in the prechordal plate that has dorsalizing
activity. C. R. Acad. Sci. III 316, 959–971.
Taira, M., Jamrich, M., Good, P. J., and Dawid, I. B. (1992). The LIM
domain-containing homeo box gene Xlim-1 is expressed specifi-
cally in the organizer region of Xenopus gastrula embryos. Genes
Dev. 6, 356–366.
Taira, M., Otani, H., Jamrich, M., and Dawid, I. B. (1994a).
Expression of the LIM class homeobox gene Xlim-1 in pro-
nephros and CNS cell lineages of Xenopus embryos is affected by
retinoic acid and exogastrulation. Development 120, 1525–1536.
Taira, M., Otani, H., Saint-Jeannet, J. P., and Dawid, I. B. (1994b).
Role of the LIM class homeodomain protein Xlim-1 in neural and
muscle induction by the Spemann organizer in Xenopus. Nature
372, 677–679.
Taira, M., Saint-Jeannet, J. P., and Dawid, I. B. (1997). Role of the
Xlim-1 and Xbra genes in anteroposterior patterning of neural
tissue by the head and trunk organizer. Proc. Natl. Acad. Sci.
USA 94, 895–900.
Thomas, P., and Beddington, R. (1996). Anterior primitive
endoderm may be responsible for patterning the anterior neural
plate in the mouse embryo. Curr. Biol. 6, 1487–1496.
van Meyel, D. J., O’Keefe, D. D., Jurata, L. W., Thor, S., Gill, G. N.,
and Thomas, J. B. (1999). Chip and apterous physically interact to
form a functional complex during Drosophila development. Mol.
Cell 4, 259–265.
Watabe, T., Kim, S., Candia, A., Rothbacher, U., Hashimoto, C.,
Inoue, K., and Cho, K. W. Y. (1995). Molecular mechanisms of
Spemann’s organizer formation: Conserved growth factor syn-
ergy between Xenopus and mouse. Genes Dev. 9, 3038–3050.
Winning, R. S., Shea, L. J., Marcus, S. J., and Sargent, T. D. (1991).
Developmental regulation of transcription factor AP-2 during
Xenopus laevis embryogenesis. Nucleic Acids Res. 19, 3709–
3714.
Yamada, G., Mansouri, A., Torres, M., Stuart, E. T., Blum, M.,
Schultz, M., De Robertis, E. M., and Gruss, P. (1995). Targeted
mutation of the murine goosecoid gene results in craniofacial
defects and neonatal death. Development 121, 2917–2922.
Yamada, T. (1994). Caudalization by the amphibian organizer:
Brachyury, convergent extension and retinoic acid. Development
120, 3051–3062.
Yanisch-Perron, C., Vieira, J., and Messing, J. (1985). Improved M13
phage cloning vectors and host strains: Nucleotide sequences of
the M13mp18 and pUC19 vectors. Gene 33, 103–119.
Received for publication September 30, 1999
Revised May 11, 2000
Accepted May 11, 2000s of reproduction in any form reserved.
